Probably the first evidence for the oxidative formation of energy-rich phosphate bonds in bacterial metabolism was obtained by who showed that the oxidation of pyruvate by Lactobacillus delbrackii requires, in addition to a divalent cation, cocarboxylase, flavine adenine dinucleotide, inorganic phosphate, and that the products of the oxidation were acetyl phosphate and carbon dioxide. Active cell-free extracts have been obtained from E. coli by Kalnitsky and Werkman (1943) and from Clostridium butylicum by Koepsell and Johnson (1942) which catalyze a similar reaction but under anaerobic conditions. A small amount of inorganic phosphate disappeared during the fermentation of pyruvate by Propionibacterium pentosaceum as shown by Barker and Lipmann (1949) but acetyl phosphate could not be isolated as an intermediate in the reaction.
deficient cells were grown in the same medium except that only 0.5 gm. of KI-I2PO4 was used for 8 liters of basal medium. Good growth in the above medium also took place without added phosphate.
Experiments were conducted in the usual Warburg apparatus at 30°C. The rate of oxygen uptake was measured at this temperature with NaOH to absorb carbon dioxide.
Residual succinic acid was determined as follows :--At the end of the incubation period, the acid was isolated from protein suspensions by ether extraction and contaminating substances removed by permanganate oxidation. Succinate was estimated by the succinoxidase method.
Dialysis.--Cell-free extractswere dialyzed for 3 to 4 hours in a Visking casing against distilled water at approximately 5°C. Continuous stirring expedited dialysis. Some enzyme inactivation took place during the process.
Inorganic phosphate in trichloroacetic acid extracts was estimated by the FiskeSubbaRow method (1925) . Acid-labile phosphate was taken to be the phosphate liberated after 7 minutes' hydrolysis in 1 N HCI in a boiling water bath.
Experimental Results
Cell-free extracts of E. coli can be obtained which do not attack fumaric acid.
Such preparations generally also show a lowered activity on malic acid but the activity on succinate remains unchanged. This property of the juice could not be associated with any one step in either the growth of the organism or in the preparation of the cell-free extract except that when extracts active on fumarate were obtained this activity could usually be removed by dialysis. Because no oxygen is involved in the initial breakdown of fumarate to malate, oxygen uptake could not be used as a measure of activity of enzyme preparations upon fumaric acid. Therefore, alternate procedures were adopted. First, residual succinate was measured; and second, activity on malate was determined. The latter procedure was based upon the following consideration. If a cell-free preparation showed no activity manometricaUy due to fumaric acid, yet malic acid was being oxidized, then it was assumed that fumarase was not functioning and that fumarate could be expected to accumulate during the oxidation of succinic acid. Thus, in a typical experiment, the addition of a dialyzed juice to 1 0 0 /~ of succinate resulted in the oxidation of 43 gM of the C4-dicarboxylic acid; with a net oxygen uptake of 2 1 /~, 57/x~ of succinate remained. If succinate were not oxidized beyond fumarate, and calculating on the basis that 1 atom of oxygen is taken up for each molecule of succinate that is being oxidized, 58 #~s of C4-dicarboxylic acid should have remained; a value almost identical with the one actually obtained. In addition this cell-free extract showed considerable activity in the presence of malate. One can, therefore, assume with reaso~table certainty that fumarate is indeed accumulating, although direct tests for the presence of fumarate were not performed. Such enzyme preparations represent ideal systems for the study of the one-step oxidation between succinic and fumaric acids.
Phospkorylation Due to the Oxidation of Succinic A d d
When cell-free extracts of E. coli catalyze the oxidation of succinic acid, a disappearance of inorganic phosphate is observed (Table I) . Fluoride in 0.05 concentration significantly augments this effect. The amount of orthophosphate which disappears is small and varies somewhat from one preparation to another. 
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Total volume of reactants, 2.5 ml. Each manometer vessel contained 0.5 ml. of 0.1 succinate; 0.2 ,a phosphate buffer pH 7.0 (0.5 mL); 0.2 ml. of 0.05 NaF where indicated; 0.3 ml. NaOH in center well, and 1.0 ml. of dialyzed cell-free preparation. Temperature 30"C. Time 60 minutes. Table I , it appears that some succinate is being oxidized in the absence of added inorganic phosphate. Control experiments with the enzyme preparation revealed considerable amounts of inorganic phosphate at the end of the incubation period without added substrate (Table II) . A p p a r e n t l y the phosphatase activity of the enzyme preparations yielded sufficient inorganic phosphate for some oxidation of succinate. Even at a temperature of 15°C. phosphatase activity is appreciable. Only a slight increase, e.g., from 35 to 45 gamma of inorganic phosphate, is noted in the presence of 0.05 M sodium fluoride. When the same concentration of the latter is added to succinate (Table I) , two things are noted. First, there is no significant oxygen uptake unless inorganic phosphate is added and, second, little difference is noted between the amount of inorganic phosphate which disappeared and the amount of acid-labile phosphate formed. Of course, sodium fluoride does not block the synthesis of acid-labile phosphate. Inorganic phosphate appears to be, therefore, an essential requirement for succinic acid oxidation. The results with increased phosphate concentrations are shown in Fig. 1 . It has been impossible to achieve a zero concentration of inorganic phosphate in the reaction mixture because of the continuous liberation of small amounts of phosphate from the enzyme preparation, even in the presence of sodium fluoride. However, it appears that inorganic phosphate is an essential component of the reaction and that the higher the concentration of phosphate, the greater the O~-uptake.
F r o m the d a t a exhibited in
Adenylic Acid Requirement.--Numerous investigators have observed that the addition of adenylic acid is essential for restoring the oxidative activity of various washed and dialyzed animal tissue residues. No such requirement has been established with dialyzed cell-free extracts (Table III) . In the oxidation of succinate to fumarate, the rate of oxygen utilization is apparently independent of the presence of added adenylic acid. It is entirely possible, however, that 3-hour dialysis does not remove traces of adenylic acid. These results are in complete agreement with those of Cross et al. (1949) . However , adenylic acid can replace the phosphate requirement for succinic acid oxidation. It is of interest to note that more labile phosphate is formed in the presence of adenylic acid and succinate than with inorganic phosphate and succinate. These experiments were conducted in the absence of sodium fluoride so that inorganic phosphate was continually being formed due to phosphatase activity. Total volume of reactants 4.3 ml. Succinic acid 0.5 ml., 0.10 M; adenylicacid0.01M 1.0 ml., where added; phosphate buffer 0.2 ~r pH 7.0, 0.5 ml. where added; sodium hydroxide in center wen and water to total volume. Time 60 minutes. Temperature 30°C.
Arsenate.--In many known metabolic reactions, arsenate can replace phosphate. This is not the case in succinic acid oxidation. Data shown in Table IV reveal that (in the absence of sodium fluoride) 640 #1. of oxygen were taken up in the absence of inorganic phosphate, whereas 591 #1. of oxygen were taken up in the presence of an equivalent amount of arsenate.
P : O Ratio.--Considerable significance attaches to the determination of which oxidative reactions involve the esterification of inorganic phosphate, and more particularly to the number of phosphate molecules esterified per atom of oxygen utilized. There is an extensive literature on aerobic phosphorylation in animal tissue, some of the more significant papers being those of Kalckar (1937 Kalckar ( , 1939 , Belitser and Tsybakova (1939), Colowick et al. (1941 ), Potter (1947 ), and Ochoa (1943 . These investigators have established the linkage of phosphate esterification with the oxidation of pyruvate, citrate, a-ketoglutarate, succinate, malate, and glutamate. Few such data have been reported for bacteria.
A major problem in determining the P:O ratio for individual oxidative steps arises from the difficulty encountered in isolating the individual reactions. In the case at hand, however, a satisfactory system was obtained for the study of the single oxidation step between succinate and fumarate. From the data in Table V it appears that the P : O ratio for this reaction approaches one. Since presumably only whole numbers of phosphate molecules can be esterified per atom of oxygen, it follows in those cases in which the experimentally determined ratio is not quite one, or somewhat above one, t h a t the probable ratio is 
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Total volume of reactants 2.3 ml. 0.10 a, succinate (0.5 ml); inorganic phosphate buffer 0.20 M (0.5 ml.) where added, and sodium arsenate 0.25 M (0.2 ml.) where indicated. Sodium hydroxide in center well and distilled water to total volume. * Large scale experiments carried out in large Warburg vessels with total volume of reactants of 10.0 ml.; 1.0 ml. 0.10 ~r suceinate, 1.0 ml. of 0.20 x, phosphate buffer pH 7.0.NaOtt in center well 3.0 ml. and distilletl water to make a final volume of 10.0 ml. 4.0 ml. dialyzed juice was used.
Routine experiment was carried out in small Warburg cup with total volume of 2.30 ml.; 0.5 ml. 0.10 xr succinate, 0.50 ml. phosphate buffer 0.20 g pH 7.0, 1.0 ml. dialyzed juice, and 0.3 ml. NaOH in center well.
one. Since most of these experiments were carried out in the absence of N a F , it is d i~c u l t to ascertain the extent to which phosphatases interfered with maximal phosphorylation. Certainly time appears to be an important factor in determining the P : O ratio, as can be seen from Fig. 2 . The highest ratio is obtained after 30 minutes' incubation. The oxygen uptake for this particular experiment, however, does not reach a maximum until 80 minutes have elapsed (Fig. 3) . These results can be reconciled with those of Cross et al. (1949) for the same enzyme in the cyclophorase "system. FzG. 2. Effect of time on the P:O ratio. Total volume of reactants 2.3 ml. Each monometric vessel contained 0.5 ml. of 0.10 M succinate, 0.5 ml. of 0.2 M phosphate buffer pH 7.0, and 1.0 ml. dialyzed cell-free E. coli extract. 0.3 ml. of NaOH was placed n the center well. Fro. 3. Succinic acid oxidation by cell-free extracts of E. coll. Total volume of reactants 2.3 ml. Each manometer vessel contained 0.5 ml. of 0.10 M succinate, 0.5 ml. 0.2 ~ phosphate buffer pH 7.0, and 1.0 ml. of dialyzed E. coli cell-free extract. 0.3 ml. of NaOI-I was placed in center well.
Sodium Azide, 2,4-Dinltrophenol, and Gramicidin.--The studies of Spiegelman et al. (1948 ), Hotchkiss (1944 , and others have implicated azide, 2,4-dinitrophenol, and gramicidin as reagents capable of interrupting the normal linkage of oxidation and phosphorylation in aerobic and anaerobic systems. Sodium azide inhibits the disappearance of inorganic phosphate in yeast cells, but not in cell-free preparations. Gramicidin and 2,4-dinitrophenol stimulate the respiration of staphylococcus, but, at the same time, block the uptake of inorganic phosphate from the medium which normally accompanies respiration.
Tested in cell-free extracts of E. coli, the respiration effects are variable with suceinate. Some results obtained are shown in Table VI . An apparent stimulation of respiration with gramicidin and 2,4-dinitrophenol is not constantly encountered in fluoride-containing systems, and may represent a partial re- The following were present in all tubes: 0.5 ml. PO~ buffer, pH 7.0 (0.2 M) ; 0.5 ml. succinate (0.1 M); 0.2 ml. sodium fluoride (0.05 ~); 2 ml. cell-free enzyme preparation. Gramicidin, 0.0025 mg; sodium azide 0.5 ml., 0.02 ~, and 2,4-dinitrophenol, 0.5 ml., 5 X 10 -4 ~r where indicated. Total volume 4 ml. Incubation aerobically at 30°C. for 60 minutes. Small endogenous values for 02 uptake were deducted.
versal of the inhibitory effect of fluoride on respiration. The disappearance of inorganic phosphate is appreciably decreased in the presence of either 2,4-dinitrophenol or sodium azide.
In the absence of sodium fluoride a complete depression of oxygen uptake often occurs in the presence of 2,4-dinitrophenol and sodium azide, whereas a stimulatory effect with gramicidin is noted.
Phosphorylation Due to Anaerobic Dehydrogenation of Succinic Acid.--Di-
alyzed cell-free extracts of E. cell will not reduce methylene blue in short periods of time unless inorganic phosphate is added. Disappearance of inorganic phosphate could not be measured due to the color of the solution. This difficulty is overcome by the fact that methylene blue can be replaced by ferricyanide as the oxidant during the anaerobic dehydrogenation of succinate. Disappearance of inorganic phosphate can now be readily determined.
The question arises whether the linkage between oxidation and phosphorylation also occurs when ferricyanide is used as the oxidant and, in addition, whether more than 1 mole of phosphate is esterified for each mole of substrate oxidized by 2 moles of ferricyanide. It appears from Table V I I that the phosphate esterified to 2 moles of ferricyanide varies from 0.56 to 1.6 depending upon the conditions of the experiment and method of calculation.
In connection with Table VII several other points should be made. First, azide appears to completely inhibit both the dehydrogenation of suecinate and the disappearance of inorganic phosphate. Second, 2,4-dinitrophenol causes a decrease in the disappearance of ferricyanide and inorganic phosphate. However, the formation of acid-labile phosphate is completely inhibited. Third, Total volume of reactants 3.0 ml. Each manometric vessel contained where indicated 0.5 ml. succinate 0.10 g, 0.5 ml. phosphate buffer 0.20 g, pit 7.0, and 0.2 ml. of 0.5 ~r potassium ferricyanide. 1.0 ml. dia]zyed cell-free extract of E. cdi. Na2qs. 0.2 ml. of 0.0025 z~ concentration was added where indicated, as was 2.5 X i0 -a ~t 2,4-dinitrophenol. The gas phase consisted of 5 per cent COl and 95 per cent N~. Ferricyanide was measured colorimetrically by its absorption at 420 m~ in the trichloroacetic acid filtrates. appreciable amounts of acid-labile phosphate appear when succinate is dehydrogenated under anaerobic conditions.
DISCUSSION
The experimental results reported here support the belief that cell-free extracts of bacteria utilize inorganic phosphate in much the same way as do other tissues that have been more thoroughly studied.
I t appears from the data obtained that the linkage of phosphate esterification with oxidation is all obligatory one, in the sense that oxidation of succinic acid hardly proceeds without added inorganic phosphate. It should, however, be pointed out that some oxidation invariably occurs in the absence of added inorganic phosphate, due to a constant liberation of inorganic phosphate formed by dephosphorylation of various phosphorus esters present in the cell-free extract, even ill the presence of NaF (in the concentrations used).
The following are the permissible conclusions that can be made on the basis of the present study. First, inorganic phosphate is an essential requirement for succinic acid oxidation in this system. Second, as a result of succinic acid oxidation, a disappearance of inorganic phosphate is noted, with the simultaneous formation of an acid-labile, not yet identified pyrophosphate. Sodium fluoride, although significantly augmenting this effect, is not required to demonstrate the formation of the acid-labile phosphate. Third, the phosphorus to oxygen ratio, for the reaction studied, approaches one and this ratio varies with time. Fourth, azide, and 2,4-dinitrophenol, inhibit the uptake of inorganic phosphate.
Efforts to demonstrate conclusively the nature of the acid-labile phosphate have thus far failed. Preliminary data, however, appear to indicate that the labile compound is organic phosphate. Further work in this direction is now in progress.
SIYM'~ARY
Esterification of inorganic phosphate accompanies the oxidation of succinic acid by cell-free extracts of E. coli. Inorganic phosphate appears to be an essential requirement for the dehydrogenation of the C4-dicarboxylic acid.
